Aim: To investigate the long-term effects of alendronate (Aln), a widely used oral bisphosphonate, on fracture healing and bone remodeling in ovariectomized rats. Methods: Adult female SD rats underwent ovariectomy, and then bilateral femoral osteotomy at 12 weeks post-ovariectomy. From d 2 post-ovariectomy, the animals were divided into 3 groups, and treated with Aln (3 mg·kg -1 ·d -1
Introduction
Osteoporosis is a major health problem characterized by compromised bone strength that predisposes patients to an increased risk of fracture [1, 2] . Pharmacologic agents that modulate bone formation and bone remodeling, such as bisphosphonates (BP), parathyroid hormone, estrogen, selective estrogen receptor modulators, calcitonin, and vitamin D, are in broad use and development for the treatment of osteoporosis and other disorders of bone fragility [3, 4] . When choosing an osteoporosis treatment drug, it is important to consider fracture healing because osteoporotic patients undergoing BP treatment may suffer fragility fractures [5, 6] . In addition, clinicians have been concerned that fractures do not heal properly in individuals exposed to BP treatments, which have the unique characteristic of accumulating in the skeleton [7] . Therefore, there is significant interest in the long-term effect of BP therapy on bone repair and whether the accumulation of BP in the skeleton is detrimental to fracture healing.
BP differ in their effect on bone growth, remodeling, mineralization, incidence of fracture, and repair. These differences are related to the chemical structure of the compounds, their potency, dosage levels, route of administration, treatment period, and rates of remodeling before treatment [8] . In the present study, ovariectomized rats, which are recommended by the Food and Drug Administration (USA) as a model of postmenopausal osteoporosis, were used. Alendronate (Aln), a widely used oral BP, was selected as the experimental agent; a dosage of 3 mg·kg -1 ·d -1 (corresponding to 10 mg/kg for a 60-kg man) was selected because it is the common dosage used by osteoporotic patients [9] . To our knowledge, this is the first study to evaluate the long-term effect of Aln administration on fracture 
Materials and methods

Materials
Commercial Aln was purchased from Mosadong, USA, and dissolved in saline vehicle. Aln (3 mg·kg -1 ·d -1 ) was administered by oral gavage, which corresponds to the clinical dose of approximately 10 mg/d for a 60-kg human [9] .
Animals and experimental design Forty-five female Sprague-Dawley (SD) rats aged six months (260±3 g) were purchased from Shanghai Jiaotong University School of Medicine (Shanghai, China) and acclimated for 2 weeks to the local vivarium conditions (24±2 °C and 12-h lightdark cycle). During the experimental period, animals were housed in cages (988 cm 2 in floor area and 18 cm in height) and allowed free access to water and pelleted commercial rodent diet. The experimental protocol was approved by the Institutional Animal Care and Use Committee of the Shanghai Jiao Tong University Animal Study Committee.
The animals were randomly allocated into 3 groups (Saline/Saline, Aln/Saline, and Aln/Aln) and given an ovariectomy at the beginning of the study (Figure 1 ). The Aln/ Aln group received Aln for 12 weeks before being subjected to a standardized femoral fracture and during the fracture healing period of 6 and 16 weeks. The Aln/Saline group received Aln before the fracture and saline during the healing period. The Saline/Saline group received saline during the experiment.
General anesthesia for all operative procedures was achieved by initial subcutaneous administration of 0.05 mg/kg atropine and 1.5 mL/kg fentanyl-fluanisone (Hypnorm, Janssen Pharmaceuticals, Oxford, UK) followed by an intraperitoneal injection of 20 mg/kg pentobarbital sodium. Buprenorphine (0.45 mg/kg) (Temgesic, Reckitt & Cloman, Hull, UK) was administered subcutaneously for postoperative analgesia. In addition, the animals were given one intraperitoneal injection of 70 mg of streptomycin to prevent infection.
All rats were given bilateral ovariectomy at the beginning of the study. Rats were placed under general anesthesia under aseptic conditions. A single mid-dorsal incision was made through the shaved skin and fascia. Both ovaries were identified, clamped, and removed. The muscle layer and skin were subsequently sutured with polyglactin absorbable sutures. Animals were caged individually and allowed to recover under a heat lamp/heat mat for a minimum of 24 h postovariectomy. Twelve weeks later, when the animals were nine months of age, a bilateral femoral osteotomy was performed, as previously described [10] [11] [12] [13] [14] . Briefly, a transverse osteotomy was made at the midshaft of the bilateral femora, the fracture fragments were contacted and stabilized, and the intramedullary was fixed with a stainless wire (diameter 1.5 mm). Wire was cut on the surface of the intercondylar groove to avoid restricting the motion of the knee joint. Unrestricted activity was allowed after recovery from anesthesia. Body weights were measured weekly, and treatment dosages were adjusted accordingly. The rats were euthanized at 6 and 16 weeks after the osteotomy by exsanguination from the abdominal artery under general anesthesia, as described above. Animals received an intraperitoneal injection of tetracycline and calcein on days 12 and 2 before euthanasia at 16 weeks post-fracture to determine the mineral apposition rate (MAR).
The animals resumed normal activity within a few days after the osteotomy. Among 45 animals at the beginning of the study, 3 were excluded due to failure of fixation or postsurgical infection.
Soft X-ray radiography Briefly, bilateral femora were excised and dissected from soft tissues, and the intramedullary wires were extracted. Soft X-ray radiographs of the femora were taken anteroposteriorly (26 kVp, 12 s; Faixtron, Japan) [15] . The image was quantitatively analyzed by NIH Image Analysis software.
Biomechanical testing
A three-point bending test was carried out on the fractured calluses after X-ray image acquisition using a mechanical testing machine (Lloyd EZ20, England). The femur was placed with its anterior surface facing upward on two lower support bars 15 mm apart, and the loading bar was positioned at the central part of the fracture site (anteroposterior position). A compression load was applied at a rate of 2.0 mm/min until breakage. The ultimate load at failure (N; maximum force that the specimen sustained) and energy absorption (mJ) were calculated.
Histology
For histological analyses, the samples were fixed in phosphate buffered formalin for 48 h, followed by a sagittal cut through the fracture site using a low speed saw with a diamond disc blade (Buehler Ltd, Lake Bluff, IL, USA). One portion was decalcified in 0.5 mol/L ethylenediaminetetraacetic acid (pH 7.4) for 21 d. After dehydration with a series of ethanol rinses and a rinse with xylene, the specimens were embedded in paraffin. Five-micron-thick sections were Ar; mm 2 ), callus area (Cl.Ar; mm 2 ), and callus thickness (Cl.Th; µm) were measured at 40×magnification. These measurements were used to calculate the percentage callus area (%Cl.Ar=Cl.Ar×100/T.Ar; %).
Determination of mineral apposition rate (MAR)
To evaluate the MAR, fluorescent bone labels were administered. Briefly, each rat was given an intraperitoneal injection of tetracycline (15 mg/kg, Sigma, USA) and calcein (10 mg/kg, Sigma) on days 12 and 2, respectively, before being euthanized at 16 weeks post-fracture. After the animals were euthanized, the specimens were fixed in 10% formalin solution and embedded in methyl methacrylate. All the tissues were cut lengthwise using a circular water-cooled diamond saw. The sections were visualized and photographed with an E-800 fluorescent microscope (Nikon). The mean tetracycline (yellow) and calcein (green) double-labeling interval was determined by the Zeiss Axioplan Imaging System. The interval was divided by the administration time interval (10 d), and the mean value is the MAR (µm/d).
Statistical analysis
All data are expressed as the mean±standard deviation (SD) and were analyzed with SPSS (Statistical Package for the Social Sciences) 10.0 (SPSS, Chicago, IL, USA). One-way ANOVA with Bonferroni's post test (multiple comparisons) and Student-Newman-Keuls tests (comparisons between two groups) were used as appropriate. Differences were considered as statistically significant for P values <0.05.
Results
Soft X-ray radiography X-ray images (Figure 2A ) revealed the fracture line in all groups at 6 weeks post-fracture; however, it was less distinct in the Aln groups. In addition, both Aln groups had larger calluses than the control group at the same time point. At 16 weeks post-fracture, the fracture line was invisible in all study groups. Furthermore, the calluses in the Aln groups were larger than those in the control group but smaller than the calluses at 6 weeks post-fracture. Of all the calluses in the study groups, the Aln/Aln group had the largest calluses at both end points.
The femora in the Aln groups had a greater radiographic density than the control group (P<0.01), with the highest density in the Aln/Aln group, suggesting that treatment by Aln has a positive effect on osteoporosis ( Figure 2B and 2C).
Biomechanical testing
As shown in Figure 3A and 3B, the ultimate load at failure of the Aln groups was higher than those of the control group at 6 weeks post-fracture, and the energy absorption in the Aln groups was higher than that in the control group (P<0.01). At 16 weeks post-fracture, the ultimate load and energy absorption in the Aln groups were also higher than those in the control group (P<0.01). At both end points, the ultimate load and energy absorption in the Aln/Aln group were the highest. These results demonstrate that oral gavage of Aln could strengthen the mechanical properties of the femora in ovariectomized rats. (Figure 4) , the healing fracture callus of the Aln groups mainly consisted of woven bone, remodeling toward mature lamellar bone. In contrast, the remodeling of the callus in the control group was nearly finished, and the callus seemed to be normal.
Quantitative analysis showed that at 6 weeks post-fracture, the T.Ar of the femur was larger in the Aln/Saline group (63.54±4.71 mm 2 ) and the Aln/Aln group (86.08±5.54 mm 2 ) compared with the Saline/Saline (44.93±1.56 mm 2 ) (P<0.01) ( Figure 5A) . Furthermore, at 16 weeks post-fracture, the T.Ar of the femur in the Aln groups was higher than that in Saline/ Saline (P<0.01) ( Figure 5A ). The Cl.Th and percentage callus area were also larger in the Aln groups compared with the Saline/Saline group at both end points (P<0.01) ( Figure  5B and 5C ). In addition, T.Ar, Cl.Th and percentage callus area in the Aln/Aln group were the highest among the three groups.
Mineral apposition rate
Representative fluorescence images of the fracture calluses are shown in Figure 6 . The Aln/Saline group attained a significantly lower rate of calcification (5.14±0.32 μm/d) than the Saline/Saline group (5.82±0.42 μm/d) (P<0.05) ( Figure 5D ). In addition, continued Aln treatment post-fracture further decreased the MAR in the Aln/Aln group (4.60±0.36 μm/d) compared with control (P<0.01) ( Figure 5D ). [16] [17] [18] . In addition, it is well recognized that mechanical restoration of the fractured bone is the primary goal of fracture healing in the clinic; however, this mechanical restoration is not the ultimate completion of the fracture healing process. Geometrical and histological restorations are also essential for the completion of the natural fracture healing process.
In this study, we assessed the long-term effect of Aln on the biomechanical properties and the microstructure of the bony callus in ovariectomized rats. According to the threepoint bending test, the mechanical parameters of the callus in the Aln groups were higher than the control group. However, the microstructure of the callus in the Aln groups, as visualized by HE staining, was inferior to that of the control group. The subsequent quantitative analysis showed that T.Ar, Cl.Th and percentage callus area in the Aln groups were higher compared with the Saline/Saline group. The dynamic remodeling parameter, MAR, was suppressed with Aln treatment. This effect was more evident in the Aln/Aln group because of Aln treatment post-fracture. Therefore, these data suggest that Aln is beneficial for the mechanical properties of the callus but delays callus remodeling by suppressing the remodeling of woven bone into lamellar bone.
It is widely accepted that BP function in vivo as anti-catabolic agents, although several cell-based studies have shown an anabolic effect in vitro. BP are now well established as effective therapeutic agents for a variety of bone diseases [19] . Previously, a study using growing rats by Koivukangas et al showed that 24 weeks of clodronate (dichloromethylene bisphosphonate) pretreatment increased the size of the tibiae callus but had only a minor effect on its biomechanical properties, suggesting that clodronate treatment does not prolong the fracture healing process, even when administered on a longterm basis before fracture [20] . In addition, another study, also conducted in growing rats, evaluated the effects of incadronate disodium (YM-175) on fracture healing of the femoral shaft by dosing incadronate 2 weeks before fracture and 25 or 49 weeks after surgery. The results showed that long-term continuous treatment with incadronate delayed the process of fracture healing in the femur in rats, especially under a high dose, but did not impair the recovery of the mechanical integrity of the fracture [14] . Based on these results and our own, we conclude that BP may not impair or improve the mechanical properties of the callus but delay the histological recovery.
There are several limitations of this study. First, our fracture model was established by surgical osteotomy, which differs from a closed fracture model, which is similar to common clinical fractures. However, this procedure enabled us to make a consistent fracture line, which is essential for reliable and accurate evaluation. Second, a three-point bending test was used to evaluate the fracture callus. In this test, the indenter is put over the central part of the callus, and the resulting measurement depends in part on the material properties where the indenter is put. A four-point bending test or a torsion test would be better for the fracture calluses in our future study.
In summary, the current study provided evidence that long-term Aln therapy before fracture would favor the formation of a mechanically competent large callus with a slow rate of remodeling in an ovariectomized rat model. Continued Aln treatment post-fracture would further aggravate this effect.
